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Physical Characteristics of At-211

• Astatine was produced for the first time at the 
University of California in 1940 by Dale R. Corson, 
K.R. Mackenzie, and Emilio Segré.

• Half-life: 7.214 h

• Classical production:
• 209Bi(α,2n)211At - 28 MeV using a mid energy cyclotron
• 211Rn/211At generator system - TRIUMF's Isotope 

Separator and Accelerator (ISAC) facility – Very complex 
procedure

• There was no suitable surrogate for molecular 
imaging until At-209 was produced at TRIUMF

5/18/2018 3



Physical Characteristics of Several Radioisotopes 
Used for Targeted Radionuclide Therapy
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The Decay Scheme of At-211
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At-211

6

Alpha Particle Energy 

(MeV)
Intensity (%)

Range in Tissue 

(µm)

# of Cell 

Diameters

5.87 41.94 47.98 3.2

6.57 0.337 57.26 3.8

6.89 0.325 61.78 4.1

7.45 57.4 69.92 4.7

15 μm

Only two or three alpha particle hits to the
nucleus are required to sterilize a tumor cell
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Production centers

•Europe : 21 centers

•Americas: 8 centers

•Asia: 7 centers
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M. R. Zalutsky and M. Pruszynski, “Astatine-211: production and availability.,” Current 
radiopharmaceuticals, vol. 4, no. 3, pp. 177–185, Jul. 2011. 



Micrometastases: Early 
Dissemination
• Although primary tumors are diagnosed at a still 

earlier stage, many patients will have circulating 
tumor cells and sub-clinical micro-metastases in 
other organs at the time when the primary tumor is 
surgically removed.

Braun S, Vogl FD, Naume B et al (2005) A pooled analysis of bone marrow micrometastasis in 
breast cancer. N Engl J Med 353:793–802.

Alix-Panabières C, Müller V, Pantel K. (2007) Current status in human breast cancer 
micrometastasis. Curr Opin Oncol. 19:558-63.
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Therapeutic Strategies

• Must Take into account the spatiotemporal phatophysiology of 
• Tumor growth, Invasion, Migration, Circulating Tumor Cells, and Micro-

metastases based on tumor cell heterogeneity and micro-
environmental conditions.

• Develop potential combinatorial strategies
• Anti-tumoral

• Anti-invasive

• Anti-angiogenic

• Anti-vascular

• Anti-metastatic, eradication of circulating tumor cells (CTC) and 
circulating cancer steam cells (CSC) and micro-metastatic disease

• Different ‘targets’ require careful selection of a biological (mAb) 
and radionuclide
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In Vitro Studies



Key Factors in TRT

• Pharmacokinetics and Pharmacodynamics (PB and 
MB PK/PD)
• Organ distribution, morphological distribution, diffusion, 

association rate, ka, dissociation rate, kd , internalization 
rate, ke, expulsion rate, kx

• Tumor morphology, spatiotemporal 
pathophysiology, and micro-environmental factors 

• Radiochemistry:
• Selection, chemistry, labeling, and in vivo stability

• Radiative emissions (α, ß) and range in tissue
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The role of MB PK/PD in TRT

Physiologically Based 
PK/PD (macroscopic)

Morphologically Based 
PK/PD (microscopic)

Describe

Predict

Understand
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PB PK/PD Models



Limitations and Obstacles on Diffusion 
of Radiolabeled Compounds 
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Morphologically Based PK/PD

• Competitive processes between labeled (hot) and unlabeled (cold) 
monoclonal antibodies

• Morphological barriers, micro-distribution

• Sources of radiation 
• Medium (Extra-cellular space)

• Cell Surface

• Internalized
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Cell surface

Internalized

Extra-cellular
Space

Labeled (hot)

Unlabeled (cold)
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Alpha Particle Monte Carlo 
Transport – Single Event
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Alpha Particle Monte Carlo 
Transport – Point Kernel
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Average Maximum Binding Capacity, 
Bmax

5/18/2018 19

Bmax: average number of receptors per cell



Relative HER2 Receptor Expression: 
Fluorescent-Activated Cell Sorting (FACS) Analysis
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Survival vs Administered Activity
SKBr-3
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Survival vs Administered Activity
MCF-7/HER2-18
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Pharmacokinetic/Microdosimetry
Modules
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Input experimental 
parameters and data

Survival vs Administered 
Activity

Survival vs Absorbed 
DosePK MD



Pharmacokinetic model
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Cells are divided into 256 cell groups (j = 1, …, 256) based on FACS analysis on 
receptor expression

Labeling fraction

Initial receptor concentration Receptor concentration

Estimate the following parameters
• The association, dissociation, and 

internalization rate constant, 
• The specific activity, SA (kBq µg-1)
• The average number of HER-2 receptors      per 
cell, 
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Pharmacokinetic model
Total mAb Labeled mAb



Microdosimetry Module:
Converting Hits into Absorbed Dose
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a

a

a

Cell morphology

• Medium or Extra-cellular Space

• Cell Surface

• Internalized



Microdosimetry Module:
Monte Carlo Transport
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Specific energy per event Average specific energy per event

Average absorbed dose

Survival Probability



Survival vs Absorbed Dose
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Survival vs Absorbed Dose
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Survival vs Absorbed Dose
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Alpha particle-RIT vs XRT

RBE: Relative Biological Effectiveness
Benefits: localized and specific to HER2-positive tumor cells



In Vivo Preclinical 
Studies 



Organ Biodistribution Studies

• Most preclinical studies carry out organ ex vivo  
biodistribution studies at different time points and 
assess gross %ID/g, including tumor.

• Tumor and tissue activity distributions are now 
estimated using in vivo and ex vivo quantitative 
imaging methods.

• There is a need to establish high fidelity animal 
model of human cancers
• PDX models
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The Vascular Physiology Of The 
Tumor Microenvironment
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P. Vaupel, “Tumor microenvironmental physiology and its implications for
radiation oncology,” Semin Radiat Oncol, vol. 14, no. 3, pp. 198–206, Jul. 2004.
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1 mm 100 µm

100 µm1 mm

M. A. Konerding, E. Fait, and A. Gaumann, “3D microvascular architecture of pre-cancerous lesions 
and invasive carcinomas of the colon.,” Br J Cancer, vol. 84, no. 10, pp. 1354–1362, May 2001.
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Intrinsically fluorescence endothelial cells 
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MB PK/PD Models

5/18/2018 39



5/18/2018 40

mAb morphological distribution

Autoradiography of I-125 labeled anti-tenascin 81C6 mAb in a glioma animal 

model

Average Relative Activity Concentration Vessel-to-Blood: 4:1



MB/PK Model
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Normalized anti-tenascin 81C6 Mab distribution around tumor 

vasculature in GBM tumors 

Dose estimates based 
on convolution 
methods using a 
alpha point kernel



MB/PK Microdosimetry
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Ex Vivo Alpha Particle imaging 
using histological samples
• Alpha Camera - Sweden

• iQID Camera - PNNL/ University of Arizona

• Timepix Detector - Australia

• Small scale dosimetry
• Staking of histological slides for dose convolution 

methods

• Need for superposition with immunohistochemistry 
tissues

• Tissue sectioning has disadvantages when 
investigating dynamic processes
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Ex Vivo small-scale dosimetry

5/18/2018 44



In Situ Dosimetry
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Estimated absorbed doses 
were about 40 and 12 Gy for 
large (23 – 43 µm) and small 
(<13 µm) tumor foci



In Vivo Imaging

• There are limitations in using the alpha 
camera in carrying out single-animal 
longitudinal studies.

• There is the need for long-term longitudinal 
studies where each animal is its own control.

• Better estimations of the residence time in 
organs at risk, blood and bone marrow and 
other regions including tumor.
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At-209 as a Theranostic Isotope

J. R. Crawford, A. K. H. Robertson, H. Yang, C. Rodríguez-Rodríguez, P. L. Esquinas, P. Kunz, S. Blinder, V. Sossi, P. 
Schaffer, and T. J. Ruth, “Evaluation of 209At as a theranostic isotope for 209At-radiopharmaceutical development 
using high-energy SPECT.,” Physics In Medicine And Biology, vol. 63, no. 4, pp. 045025–, Feb. 2018.5/18/2018 48



MIP Imaging of Free At-209

HE Collimator with 162 focused pinhole apertures (77–92 keV x-rays).
Voxel size: 169 µm. 
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Dynamic SPECT and Ex-Vivo Data
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The Combination

• Micro-structural data of tumor morphology and 
dynamics

• Quantitative imaging of histological slides using an 
alpha camera

• In Vivo quantitative imaging using a surrogate 
radionuclide

• Excellent opportunity to study and address the 
spatiotemporal distribution and effects of alpha 
particle therapeutics
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Clinical Studies
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Patient Characteristics
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Whole-Body Imaging
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Serial whole-body anterior g-camera images obtained after injection of 73 MBq of 
211At-ch81C6 into SCRC of patient 1. (A) 100% window. (B) 1% window set to 
enhance areas with low activity concentrations. Focal activity seen in lower part of 
image is imaging standard.



Estimated Absorbed Doses to the 
Cavity Interface
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Patient Histology Dose (Gy)

1 AO 49

2 GBM 14

3 GBM 78

4 GBM 123

5 AO 42

6 GBM 2938

7 GBM 39

8 GBM 58

9 GBM 20

10 GBM 40

11 GBM 38

12 GBM 27

13 GBM 401

14 GBM 136

15 GBM 81

16 AO 31

17 GBM 42

18 AA 126

Average absorbed dose :  240 Gy
Median Survival of 54.1 weeks.
No limiting toxicity was reached
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• Bone marrow dosimetry was based on serum 
activity concentration data.
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Advancing Alpha Particle 
Therapy using Nuclear 

Nanotechnologies



Theranostics
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S. Goel, C. G. England, F. Chen, and W. Cai, “Positron emission tomography and nanotechnology: A dynamic duo for 
cancer theranostics.,” Adv Drug Deliv Rev, vol. 113, pp. 157–176, Apr. 2017.



Five Major Strategies For 
Radiolabeling Nanomaterials
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S. Goel, C. G. England, F. Chen, and W. 
Cai, “Positron emission tomography 
and nanotechnology: A dynamic duo 
for cancer theranostics.,” Adv Drug 
Deliv Rev, vol. 113, pp. 157–176, Apr. 
2017.
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M. L. Matson, C. H. Villa, J. S. Ananta, J. J. Law, D. A. Scheinberg, and L. J. 
Wilson, “Encapsulation of α-Particle-Emitting 225Ac3+ Ions Within Carbon 
Nanotubes.,” J Nucl Med, vol. 56, no. 6, pp. 897–900, Jun. 2015.



64Cu-AuNPs 
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Y. Zhao, D. Sultan, L. Detering, S. Cho, G. Sun, R. Pierce, K. L. Wooley, and Y. Liu, “Copper-64-alloyed 
gold nanoparticles for cancer imaging: improved radiolabel stability and diagnostic accuracy.,” Angew
Chem Int Ed Engl, vol. 53, no. 1, pp. 156–159, Jan. 2014.

Representative PET/CT 
images at 1 h, 24 h, 48 h 
post-injection of alloyed 
64CuAuNPs and 18F-FDG at 
1 h in EMT-6 tumor-bearing
mice (green arrow T: 
tumor). 
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Binary radioactive NPs

• We desire the combination of a PET or SPECT 
imaging radionuclide and an alpha particle or Auger 
emitting radionuclide. 

Examples

• Alpha/PET-AuNPs

• Auger/PET-AuNPs

• Beta/PET-AuNPs
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Conclusions
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Conclusions

• Dosimetry is a continuum
• From In vitro studies and models

• To high fidelity animal models of human cancer

• To clinical trials

• Dosimetry of alpha particle radiotherapeutics 
needs to consider and incorporate the 
spatiotemporal pathophysiology and morphology 
of the tumor tissues at the same scale of the range 
of alpha particles in tissues to assess its benefits 
and limitations
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